Evaluation of oat crown rust resistance is usually based on visual assessment of disease severity or infection types. Visual assessment is subjective, prone to rater bias and requires expert knowledge. PCR-based quantitative assays can overcome challenges associated with visual assessment. New TaqMan primers and probes were designed from Puccinia coronata f. sp. avenae (Pca) sequences. The primer-probe sets were specific to Pca, amplified using as little as 0.5 pg fungal DNA (fDNA) and allowed for scaling to variation in sample total DNA quantity. The quantitative PCR (qPCR) assay was validated using oat recombinant inbred lines (RILs) from the Provena 9 94197A1-9-2-2-2-5 cross evaluated under a controlled environment. For comparison with fDNA load, inoculation with the Pca race LCBB provided segregation data on the hypersensitive response, while Pca race LSLG provided data on segregation for reduced pustule number. fDNA content was positively correlated with both pustule number and infection type (IT). Composite interval mapping identified two quantitative trait loci (QTLs) on oat linkage groups Mrg12 and Mrg20 using visual and qPCR assessments (pustule number, IT and fDNA). In this study a qPCR assay method that can be used to assess the relative resistance of oat to crown rust was refined and validated, and single nucleotide polymorphisms (SNPs) closely linked with two QTLs derived from the crown rust resistant line 94197A1-9-2-2-2-5 were identified.
Introduction
Visual assessment and counting are two common methods of plant disease quantification. Rating of cereal rust diseases is commonly performed based on visual assessment of infection responses, infection types (ITs), severity, and counting or estimation of pustules and sporulation (Milus & Line, 1980; Parlevliet, 1986) . Visual assessment and counting both have their own merits and drawbacks. Visual assessment is fast, but subjective and requires expertise (Roelfs, 1988) . The consequences of this subjectivity were demonstrated by Nutter et al. (1993) who found significant variation among individuals making disease assessment ratings. In contrast, counting of pustules or other indicators of sporulation such as spore number or lesion size has much greater accuracy, but is labour-intensive and timeconsuming. Therefore, the need exists to provide a measure of host resistance that is less subjective than visual assessment without the high skill requirement, and with the accuracy and reproducibility of direct-counting methods.
Quantitative assessments are believed to combine the speed of visual assessment with the accuracy, objectivity and reproducibility of counting. One such method is digital image analysis, although this method is currently limited in its applicability to rust resistance by an inability to distinguish the transitional region between healthy and diseased leaf areas (Admassu & Hau, 2003; D ıaz-Lago et al., 2003) . A second quantitative disease assessment method is the PCR-based quantification of the fungal DNA (fDNA) load in infected host tissue. This method has been used successfully, for example, to determine the resistance of barley cultivars to Pyrenophora species (Bates et al., 2001) and to detect Cephalosporium gramineum in the presymptomatic leaves of infected wheat (Esvelt Klos et al., 2012) . Indeed, an fDNA assay was previously used to map the 'bleached fleck' response observed in the TAM O-301 cultivar to several Puccinia coronata f. sp. avenae (Pca) isolates (Jackson et al., 2006 (Jackson et al., , 2007 . The fDNA assay successfully captured the same phenotypic information as the target visual assessment, resulting in a quantitative trait locus (QTL) that overlapped with the mapped location for the bleached fleck response. Additional QTLs identified using fDNA in that population were found to correspond to the locations of QTLs for a painstakingly estimated uredinial length measure, suggesting the potential for a quantitative PCR (qPCR)-based assay capable of approximating partial resistance scores (Jackson et al., 2007) . Acevedo et al. (2010b) added an oat (Avena sativa) target sequence to their TaqMan qPCR assay that enabled them to normalize results against variation in initial DNA quantity. Use of this assay to map partial resistance in the MN8 41801 9 Noble 2 population identified four QTLs corresponding to the locations of some QTLs detected using diseased leaf area and IT score.
The objectives of the present study were to: (i) design a highly sensitive qPCR assay method that estimates fDNA in oat tissue infected with Pca, (ii) identify seedling and partial resistance QTLs in an oat mapping population under controlled environment conditions, and (iii) compare the QTL mapping results obtained from fDNA with IT and pustule number.
Materials and methods

Plant materials and pathogen races
A recombinant inbred line (RIL) mapping population was developed by crossing the susceptible oat cultivar Provena with crown rust resistant breeding line 94197A1-9-2-2-2-5 (94197A1) (Babiker et al., 2015) . A total of 148 F 5:6 RILs from the Provena 9 94197A1 (P9) cross were used in this study. Provena is a cultivar that is susceptible to most Pca isolates. Two Pca races, LSLG and LCBB, maintained in a freezer (À80°C) at the Small Grains and Potato Germplasm Research Facility in Aberdeen, ID, were increased on the susceptible oat cultivar Otana, and used in the present study.
Primer-probe design and specificity
TaqMan primer pairs and probes were designed to amplify Pca fDNA from infected oat tissue. The primer-probe sets were designed from partial sequence of the Pca b-tubulin gene (EMBL_EBI accession HM147295) and microsatellite sequence of clone PcaSSRA04 (EMBL_EBI accession EU056734) and using the software PRIMER3PLUS (Untergasser et al., 2007) . A series of gradient real-time PCRs, temperatures ranging from 50 to 65°C, were tested to determine the best annealing temperature for the various primer-probe combinations. The final PCR condition was as follows: initial denaturation at 94°C for 5 min; 35 cycles of 45 s at 94°C, 45 s at 60°C, 60 s at 72°C; and final extension for 10 min at 72°C. Amplification of DNA was conducted on a GeneAmp PCR system 9700 thermocycler (Applied Biosystems). The master mix contained 4 lL buffer (109), 2 lL MgCl 2 (2 mM), 2 lL dNTP (200 lM), 1 lL of each forward and reverse primers (100 nM), 0.3 lL Taq (0.5 U) DNA polymerase and 2 lL template DNA (20 ng) in a final volume of 20 lL. Specificity tests for the newly designed primerprobe sets were conducted using the genomic DNA of two Pca isolates (LCBB and LSLG), Puccinia graminis f. sp. avenae (Pga, oat stem rust), P. graminis f. sp. tritici (Pgt, wheat stem rust), two oat genotypes (Provena and 94197A1), and wheat (Cltr-4311). The specificity test was conducted using a qPCR assay, and a conventional PCR approach with the product resolved on a 1% agarose gel.
Standard curve tests
Standard curve tests were conducted to determine the lowest concentration of fDNA that could be detected using the primerprobe sets. Accordingly, fDNA was serially diluted and concentrations of 5 ng, 0.5 ng, 50 pg, 5 pg and 0.5 pg were used in a real-time PCR procedure. Each PCR contained 1 lL of each forward and reverse primer (10 lM), 1 lL probe (1 lM), 10 lL iTaq universal SYBR Green supermix (Bio-Rad) and 2 lL of template DNA (20 ng) in a final volume of 20 lL. Amplification of DNA was conducted on a CFX96 real-time detection system (Bio-Rad) using the following conditions: initial denaturation at 95°C for 3 min; then 40 cycles of 5 s at 95°C and 30 s at 60°C. The PCR amplification efficiency was calculated according to Bustin et al. (2009) .
Single-race growth chamber experiments
The assay was validated using the P9 RIL mapping population and two Pca races, LCBB and LSLG. The resistant parent 94197A1 had different reactions to the two races: it was resistant to LCBB with a hypersensitive reaction, but had a susceptible IT to LSLG with a reduced number of pustules (partial resistance) compared to the susceptible parent (Provena). Both races were tested against the RIL population under controlled environment conditions. The correlations between IT and fDNA (experiment with race LCBB), and between pustule number and fDNA (experiment with race LSLG) were analysed. The RILs were sown in 3.8 cm diameter Cone-tainers containing a 3:2:2 (v:v:v) mix of sand, peat moss and vermiculite and grown in a greenhouse. At the 3-to 4-leaf stage, the plants were inoculated with a uredinial suspension of single Pca races adjusted to 10 5 spores mL
À1
. After inoculation, plants were kept at ambient temperature for 1 h to dry, and then transferred to a dew chamber set at 20°C with no light. After 18 h in the dew chamber, plants were placed in a growth chamber adjusted to 20-22°C with a 18 h photoperiod (Admassu-Yimer et al., 2018) . In RILs inoculated with race LSLG, the middle segment of an infected leaf with a length of 5 cm was cut, and the pustules were counted 2 weeks after inoculation. Pustules from leaf segments of three plants per line were counted, and the average number of pustules calculated. The experiment was repeated and the average number of pustules in the two experiments was used for the final analysis. Later, the leaf segments were placed in Costar tubes (Corning) for DNA extraction. In the case of RILs inoculated with LCBB, genotype reactions were recorded as IT 2 weeks after inoculation. ITs were based on a 0 to 4 scale (Murphy, 1935) , with '+' and 'À' indicating intermediate types.
Infection types 0 to 2 + were considered resistant and 3 À to 4 + susceptible. Immediately after disease scoring, the middle segment of an infected leaf with a length of 5 cm was cut for DNA extraction. The experiment was conducted in two replications. When there was discrepancy in disease rating between the two replications, an additional test was conducted.
fDNA amplification and quantification in RILs
Genomic DNA of the host and pathogen was extracted from a 5 cm leaf segment of infected tissue of the RILs and parental oat lines using the CTAB method with minor modification where approximately 25 and 50 mg of 0.1 mm diameter and 0.5 mm diameter zirconia/silica beads were added to each tube, respectively (Jackson et al., 2006) . PCRs were inhibited at high DNA concentrations, so the genomic DNA was diluted 1:100
Plant Pathology (2019) 68, 669-677 using molecular grade water (Sigma). Host and pathogen DNA was simultaneously amplified using the newly designed TaqMan primer-probe set 1 (Table 1) of the pathogen, and oat b-actin primer-probe set of the host (Acevedo et al., 2010b) . To distinguish between host and pathogen cycle threshold (C t ) values the host and pathogen probes were labelled with HEX and FAM, respectively. The PCR mixtures were as described in the standard curve test above. C t values of the host and pathogen DNA were recorded at the end of each run. Relative fDNA in a sample was estimated using the formula 2 (hCtÀpCt) , where hC t and pC t are the C t values for the host and pathogen in a reaction, respectively (Acevedo et al., 2010a) . The average of relative fDNA value from two replications was used for the final analysis.
QTL mapping
Quantitative trait loci analysis was performed using JMP GE-NOMICS v. 8.1 (SAS Institute). Genotyping of RILs and parental oat lines was done as described by Babiker et al. (2015) . Single nucleotide polymorphism (SNP) markers that were polymorphic between the parents of the mapping population, with less than 10% missing data, were selected. Of these, only SNPs that were assigned a location on the oat consensus map of Chaffin et al. (2016) were used for analyses. Accordingly, a total of 773 mapped polymorphic markers, including markers that were at the same location, were used in the final QTL analysis. A composite interval mapping (CIM) approach implemented in JMP GE-NOMICS v. 8.1 was used to test the presence of QTLs. An empirical experiment-wise logarithm of the odds (LOD) at a = 0.05 after 1000 permutations was determined as the threshold for statistical significance. Genetic distance between markers was calculated in centimorgans (cM) using the Kosambi map function (Kosambi, 1943) .
Results
Assay development
A total of four TaqMan primer-probe sets were designed from the two Pca sequences (Table 1) : sets 1 and 2 from the b-tubulin gene, and sets 3 and 4 from clone PcaSSRA04. Primer-probe sets 1, 2 and 3 amplified PCR products of 223, 237 and 187 bp, respectively that were specific to Pca (Table 1 ; Fig. 1 ). Set 4 was not specific to Pca as it also amplified a PCR product of Pgt similar in size to that of Pca (data not shown). After running a gradient qPCR, the best annealing temperature for all the primer-probe sets was determined to be 60°C. All subsequent tests were run using the following qPCR cycle conditions: 95°C for 3 min; then 40 cycles of 5 s at 95°C and 30 s at 60°C. Using this protocol, the primer-probe sets were able to detect fDNA concentrations as low as 0.5 pg (Fig. 2a) . The efficiency of the qPCR assay was 94.9% (Fig. 2b) .
Single-race growth chamber experiments
Assessment of crown rust on RILs and parental oat lines inoculated with Pca races LCBB and LSLG was done using IT and pustule number, respectively. Race LCBB produced ITs of 1 (a resistant hypersensitive reaction) on 94197A1 and 4 (a susceptible reaction) on Provena. The RILs segregated for this response at a ratio of 1:1 (65 resistant: 71 susceptible, v 2 P = 0.98). Race LSLG was virulent to both parental lines, producing an IT of 4, but the mean number of pustules produced on a 5 cm leaf segment was significantly lower (P < 0.001) on 94197A1 (7) than on Provena (55.5). The mean number of pustules on RILs ranged from 3 to 104 (Fig. 3) .
Relative fDNA content in infected tissues of RILs and parental lines was also assessed in both LCBB-and LSLG-inoculated experiments. Host and pathogen DNA were simultaneously amplified using the newly designed TaqMan probe, and primer pair of the pathogen, and the oat probe-primer combination. The relative fDNA extracted from the host tissues infected with race LCBB was 0.37 in 94197A1 and 4 in Provena, and for race LSLG the values were 0.74 for 94197A1 and 3.91 for Provena (Fig. 4) . The relative fDNA content in the RILs ranged from 0.11 to 19.76 for LCBB and 0.23 to 10.71 for LSLG (Fig. 4) . qPCR assay method to oat crown rust
QTL mapping under controlled environment conditions
Composite interval mapping detected one QTL (QCr.lcbb.12) on linkage group Mrg12 of the oat consensus map (Chaffin et al., 2016) in the mapping population when inoculated with race LCBB. The QTL was detected using both IT (peak LOD = 31.1 at 7.5 cM) and relative fDNA (peak LOD = 3.8 at 15.5 cM). Based on the 1-LOD confidence intervals, this QTL is most probably located between 7.5 and 17 cM. There were seven segregating SNPs within this region with LOD values ranging from 23.0 to 31.1 for IT and from 3.1 to 3.8 for fDNA, respectively ( Table 2 ). The additive effect of the SNP markers on IT and fDNA ranged from À0.74 to À0.82 and from À2.7 to À3.1, respectively, indicating that the resistance to crown rust was inherited from 94197A1 (Table 2) . Composite interval mapping identified one QTL (QCr.lslg.20) on linkage group Mrg20 in the P9 mapping population inoculated with race LSLG. The QTL was detected at the same map location (249.6-249.7 cM) using both pustule number and relative fDNA (LOD = 28.4 and 13.3, respectively). Based on the 1-LOD confidence interval, the QTL QCr.lslg.20 is most likely to be at 241.0-251.1 cM on Mrg20, a region containing 11 segregating SNPs (Table 3 ). The LOD values ranged from 11.9 to 28.4 and from 5.6 to 13.3 when using pustule number and fDNA, respectively. The additive effect of the SNP markers on pustule number and fDNA ranged from À30.5 to À41.6 and from À1.2 to À1.7, respectively, indicating that the effective allele was inherited from 94197A1 (Table 3) .
Discussion
PCR-based assays intended to detect and quantify fDNA within host plant tissue must be specific to the target organism, sensitive enough to detect small quantities of the target sequence within the total DNA extraction, and able to account for variations in the total DNA quantity that may be introduced during tissue sampling and DNA extraction. The assay presented here is an improvement of the previous fDNA assay developed by Jackson et al. (2006) in that it detects the fungal DNA target at a much lower starting quantity (0.5 pg compared to 158 pg). In addition, like the assay used by Acevedo et al. (2010b) , the multiplexing of TaqMan assays for both fungal and oat genomic target sequences allows for normalization against variation in starting DNA quantity.
Real-time PCR technologies include sequence-nonspecific (e.g. SYBR Green) and sequence-specific (e.g. TaqMan) techniques. The SYBR Green-based melt curve technique is less specific because it intercalates with any double-stranded DNA fragment, with a risk of false positive results (Heid et al., 1996; Schena et al., 2004) . However, the TaqMan assay system is well-suited to quantification of fDNA because the probes bind to their target DNA sequences, allowing more accurate quantification (Heid et al., 1996) . Previous studies have indicated the importance of designing primer and probe sets that are specific to the target pathogen (Judelson & Tooley, 2000) . Without access to Pca sequence, Jackson et al. (2006) used sequence of another subspecies, P. coronata var. lolii. The resulting assay did not amplify sequences from Pga or Puccinia triticina. Similarly, the current assay did not amplify host DNA or that of Pga, Pgt or wheat. The improved detection limit of the current assay might be because the use of Pca sequence to design the primer-probe sets improved the resulting amplification efficiency.
Resistance of oats to crown rust (and of cereals to rusts in general) is expressed as resistance (hypersensitive reaction) or partial resistance (reduced size and number of pustules). Both types of resistance are of utility in field production of oats, and in both cases the amount of inoculum proliferating within the host tissue is significantly reduced compared to the amount of inoculum supported in susceptible host tissue. Thus, the amount of fDNA present in the host tissue is an expression of the resistance level of the host to the pathogen. In the present study, pustule number and relative fDNA on RILs inoculated with Pca race LSLG were positively correlated (R 2 = 0.84; Fig. 5 ). As there were only two data points for IT (susceptible and resistant) on RILs inoculated with Pca race LCBB, a correlation analysis could not be performed, but RILs with a resistant IT had significantly (P < 0.001) lower mean relative fDNA content (2.29) than RILs with a susceptible IT (5.59). This study corroborates previous results that reported a significant correlation between fDNA and the severity of various diseases such as fusarium head blight in wheat (Burlakoti et al., 2007) , tan spot and glume blotch in wheat (Abdullah et al., 2018) , eyespot in wheat (Meyer et al., 2011) , and mycotoxin accumulation due to fusarium head blight in wheat (Burlakoti et al., 2007) .
Crown rust resistance in 94197A1 has been previously documented (Bonman et al., 2004; Babiker et al., 2015) . Provena is a hull-less variety developed by USDA-ARS and the Idaho Agricultural Experiment Station, Aberdeen, ID from a cross of Pennlo/PI 447276 (Erickson et al., 2003) with no known sources of crown rust resistance in its pedigree (GRIN, http://www.ars-grin. gov/npgs/). Single-race growth chamber experiments identified two QTLs effective against Pca races LCBB and LSLG on linkage groups Mrg12 and Mrg20 of the oat consensus map (Chaffin et al., 2016) , respectively. As observed in the Ogle 9 TAM O-301 mapping population (Jackson et al., 2007) , LOD scores in this study were lower using relative fDNA compared with resistance score or pustule counting (Jackson et al. (2007) used uredinial length), but the QTL position was equivalent. These results are also consistent with other studies that reported quantitative assays as an alternative to visual assessment methods in determining resistance in various crop species. For example, Meyer et al. (2011) used a SYBR Green assay to detect Pch1 and Pch2 genes that are effective against eyespot in wheat and Acevedo et al. (2010a) used a TaqMan assay to map QTLs conferring partial resistance in oat to crown rust. The difference in mean pustule number between the susceptible and resistant parents was three times greater than the Plant Pathology (2019) 68, 669-677 difference in relative fDNA measures between the parents. This might have contributed to the higher statistical power of pustule count in detecting the QTL than the qPCR assay in the present study. However, Acevedo et al. (2010a) showed that the environment where the experiment is conducted and disease pressure could influence the QTL detection power of qPCR assay compared with visual assessment.
The P9 RIL population has been used previously to map QTLs conditioning crown rust resistance under field conditions (Babiker et al., 2015) . The chromosome assignments of this previous study are no longer deemed entirely reliable (Chaffin et al., 2016) , and the reported QTLs can be reassigned now to consensus map linkage groups based on the positions of statistically significant markers. The QTL QCr.cdl11-13A was placed on Mrg12 at 39.4-58.5 cM, approximately 22 cM distal to the hypersensitive response QTL QCr.lcbb.12. No other crown rust resistance QTLs were detected using the P9 RILs in the field study. Disease reactions were scored by Babiker et al. (2015) as severity on a whole-plot basis, and so might not directly correspond to the ratings Other crown rust resistance QTLs in close proximity to QCr.lcbb.12 and QCr.lslg.20 have been reported as a result of analysis either of biparental populations or of association mapping panels. Most notably, a QTL conditioning a lower IT score against LSLG, called Prq5, was mapped to a location corresponding to Mrg12 at 9.2 cM using the MN841801 9 Noble 2 biparental population (Acevedo et al., 2010b) . Interestingly, relative fDNA load measured using a TaqMan assay did not yield evidence of a QTL at that location. Comparative mapping places Prq5 at the same location as a gene conferring Logarithm of the odds (LOD), additive effect and variation explained (R 2 ) are indicated. Relative fungal DNA content Pustule number Figure 5 Correlation between relative fungal DNA content and pustule number of recombinant inbred lines of Provena 9 94197A1-9-2-2-2-5 inoculated with Puccinia coronata f. sp. avenae race LSLG.
Plant Pathology (2019) 68, 669-677 resistance to Pca race R203 (Bush et al., 1994) . The P9 RIL population did not segregate for IT score response to LSLG, but the IT response to LCBB QTL may represent the same or a linked locus. In the Provena 9 CDC Boyer mapping population, QCr.cdl9-19A and QCr.cdllsu9-19A were mapped to locations corresponding to Mrg20 at 18.7-26.6 cM, and 193.6-202.6 cM, respectively (Babiker et al., 2015) . QCr.cdllsu9-19A is approximately 40 cM proximal to the partial resistance QTL QCr.lslg.20 observed in the present study, and is unlikely to represent the same underlying causal variant given that it was not detected in populations derived from 94197A1 in the same study. The QCr.lslg.20 QTL overlaps with QPc.Core.20.3 detected in the CORE association mapping panel on Mrg20 at 227-251 cM (Esvelt Klos et al., 2017) . 94197A1, as part of the CORE panel, may have informed that association, but QPc.Core.20.3 was most significantly associated with IT response to Pca race NTGG, suggesting it as the location of a seedling resistance rather than a partial resistance locus. In summary, the present study designed primer-probe combinations from Pca sequences for the detection of Pca DNA target in infected oat tissue. The study refined a qPCR assay to detect the fDNA at a lower starting quantity, which was validated with respect to both pustule number and IT. Relative fDNA content was also used to identify two QTLs from the crown rust resistant breeding line 94197A1 in single-race growth chamber experiments. These fDNA QTLs were at positions corresponding to those for a resistance score QTL and a pustule number QTL. The qPCR assay method reported here can be used to determine relative resistance of oat to crown rust, and can overcome limitations associated with rater bias in visual assessment.
